INCOMPLETE CARCINOGENS IN CIGARETTE SMOKE CONDEN-SATE: TUMOUR-PROMOTION BY A PHENOLIC FRACTION MATERIALS AND METHODS
Mice.-Male and female mice of the" 101 "inbred strain were used. They have been maintained by brother-sister mating in this department since a breeding pair was obtained from Dr. T. C, Carter (Radiobiological Research Unit, A.E.R.E., Harwell, Didcot, Berks) in November, 1955. This strain was selected for its high and uniform susceptibility to skin tumourinduction by initiating and promoting agents (Salaman, 1956) . Not until half way through the experiments was it realized that the mice are not very suitable for long term experiments because of a high incidence of a renal disease, papillonephritis, first observed in Strain A mice by Gorer (1940) , and subsequently studied in greater detail by Dunn (1944) . As in strain A mice, the disease shortens the life span of affected animals so that few live as long as 18 months.
Mice were fed on cubes according to the Rowett Institute formula (Thomson, 1936) and water ad libitum.
Before the experiment mice were vaccinated on the tail with sheep lymph as a precaution against ectromelia; all responded with a typical primary response.
The dorsal hair was removed by electric clippers at the beginning of the experiment and thereafter as necessary.
Preparation of cigarette smoke condensate and its fractions
These were kindly supplied by the Research Laboratories of the Tobacco Manufacturers' Standing Committee.
Details of the preparations are given by Mr. J. G. Burgan in an appendix to this paper.
Freshly prepared samples of whole smoke condensate and its neutral fraction were mailed to us each week, and were used within two weeks of receipt. Storage between arrival and use was in small sealed ampoules kept protected from light at 4°C.
Large samples of the smoke phenol fraction were mailed to us at 6-weekly intervals, and stored similarly before use.
Application of materials to the skin 9,10-Dimethyl-1,2-benzanthracene (DMBA), obtained from L. Light & Co., was applied as a 0.15 per cent solution in acetone with a graduated pipette.
All the smoke condensate fractions were too viscous, even after dilution with acetone, to be applied quantitatively with a graduated pipette, or by a widemouthed dropper: a brushing-on technique was necessary. The whole of the back from the neck to the root of the tail was painted, using a squirrel-hair brush. The smoke phenol fraction was diluted with acetone 1 in 4, 1 in 6, or 1 in 8 according to dose level. It was found that painting the clipped skin with the strongest of these concentrations left on the average 12 mg. of smoke phenols on the mouse; 1 in 6 left 9 mg., and 1 in 8 left 6 mg.
The acetone used was of the Analar grade supplied by British Drug Houses.
Histological examination.-Biopsy specimens, and tissues taken for section post mortem, were fixed in Zenker's fluid, embedded in paraffin wax, and stained with haematoxylin and eosin.
EXPERIMENTAL
Experimental I: whole smoke condensate Thirty male and 32 female mice were clipped, and painted thrice weekly with whole smoke condensate. At first approximately 25 mg. was applied to each mouse at each application. This dose was steadily increased during the first 3 weeks up to an average of 40 mg. per mouse, and thereafter maintained at approximately this level until the 30th week. It was then reduced, because of toxic effects, to 30 mg. per application. Table I indicates the progress of the experiment. Fifty-two mice died during the first 40 weeks: gross pathological changes indicative of papillonephritis (see p. 624)were present in 13 mice (this incidence does not differ significantly from that in untreated mice), pneumonic consolidation in 6, intussusception in 3, enteritis in 3. Nineteen mice died during the 24th week from the toxic effects of an unusually large dose of smoke condensate applied in error. Several other mice which showed no obvious lesions, and some of those with only slight kidney lesions, probably died from the cumulative toxic effects of the condensate. Advanced post mortem changes prevented satisfactory examination in 11 mice.
One papilloma appeared during the 37th week, when there were only 13 survivors. The same mouse developed a second papilloma during the 44th week, but died two weeks later. No other tumours have appeared. There are still 3 mice alive after 60 weeks of treatment but none has any skin tumours. increased to 40 mg. per application during the first 3 weeks of treatment. In the case of the neutral fraction the dose level was maintained at 40 mg. throughout the experiment, but in the case of whole smoke condensate it was reduced to 30 mg. per application after 30 we3ks because of systemic toxicity. Table I indicates the progress of Experiment II. Thirty-eight mice died during the first 40 weeks. Compared with the mice treated with whole smoke condensate, pneumonic consolidation (12 cases) was more frequent in these mice. Tyzzer's disease caused 3 deaths, intussusception 3, and enteritis a further 4. Papillonephritis was seen in 18 mice. One mouse died as a result of haemorrhage from a tumour of the tongue. On histological examination this tumour was of squamous cell type, it showed doubtful invasion of muscle and no metastases.
It was regarded as probably, but not certainly, malignant. Advanced post mortem changes prevented satisfactory examination in 10 mice.
Two papillomas appeared during the 32nd week of the experiment, one in a mouse which died 10 days later (post mortem decay prevented satisfactory examination), and the other in a mouse which died 4 weeks later and showed marked renal changes due to papillonephritis. Whilst under observation, both tumours were notably slow-growing. A third mouse developed a papilloma during the 40th week of the experiment. Treatment was stopped after 47 weeks. Three weeks later two of the 10 survivors (both females) developed 2 papillomas each.
These grew more rapidly than those which arose earlier, and soon one of the tumours on each mouse took on the naked-eye appearances of malignancy. One was removed at biopsy during the 60th week and was found to be a squamouscell carcinoma invading muscle.
Experiment III: Smoke phenols fraction
One hundred and ten mice, divided into 3 groups, were used in this test. Each group contained equal numbers of males and females. Groups I and II consisted of 30 mice each, and Group III of 50 mice. Groups I and III were given a single application of 0.2 ml. 0-15 per cent DMBA in acetone to the clipped dorsal skin. Group II was not treated at this time. Three weeks later groups I and II began a course of thrice weekly applications of smoke phenols fraction in acetone. For the first 9 applications a 25 per cent solution/suspension of the fraction in acetone (i.e. average of 12 mg. smoke phenols per mouse per application) were given. The skins of many animals became thick and crusted, and 3 mice died on the 19th day as a result of systemic toxicity. The concentration was therefore reduced to 12-5 per cent and continued at this level for a further 15 applications. It was then increased to 18.7 per cent for 24 applications, and then back to 25 per cent from the 49th application (17th week) onwards. Group III received no treatment apart from the single application of DMBA.
Ofthe 10 mice of Group I which died during the first 40 weeks of the experiment, i.e. 37 weeks of treatment with smoke phenol fraction, one had lymphatic leukaemia with enlargement of the thymus and lymph glands, one had a large mesenteric tumour (unfortunately post mortem changes were too advanced for satisfactory histological examination) 2 showed pneumonic consolidation, and 1 had 2 small lung adenomas. Four had abscesses in the liver and 3 showed papillonephritis.
Of Group II, 14 mice died. As mentioned above, 3 died early (19th day) from systemic toxic effects. A large abdominal tumour was seen in a female mouse which died during the 37th week. This tumour was adherent to the spleen, pancreas and mesentery. Histological examination showed it to be a haemangioma.
This mouse was one of 3 which had liver abscesses. Three mice showed pneumonic consolidation, and 7 had papillonephritis.
In Group III 13 mice died and 7 of these were examined post mortem. One had lymphatic leukaemia with a grossly enlarged thymus and one had 2 small lung adenomas. One mouse had intussusception, one bronchopneumonia, and one a large abscess of the neck. Five of the 7 showed kidney lesions indicative of papillonephritis. Advanced post mortem changes prevented satisfactory examination of the remaining 6 mice.
Incidence of skin tumours
Papillomas began to arise in mice of Group I during the 15th week. By the 37th week of treatment with the phenolic fraction 15 out of the 20 survivors of this group bore a total of 65 papillomas (see Table II and Fig. 1 ). All these tumours arose on the treated area of skin, and none were seen outside it. At the 37th week one tumour on a male showed macroscopic features suggestive of malignancy. During the next 4 weeks this tumour grew quickly, ulcerated, and became adherent to deeper structures. It was removed by biopsy during the 41st week of the experiment, and histological examination showed it to be a poorly differentiated carcinoma which had penetrated the panniculus carnosus muscle (Fig. 2) .
Treatment with smoke phenol fraction was stopped after 41 weeks (44th week of experiment). The mice have been kept under observation; a further probably malignant tumour has arisen on another mouse (a female) but no specimen has yet been taken for histological examination. were of 6 mg.; the next 24 of 9 mg.; and thereafter all applications were of 12 mg. each.
All outside the treated area (see text, p. 000).
No tumours have appeared on mice of Group II.
Four mice in Group III developed a total of 6 papillomas during the 40 weeks after treatment with DMBA. All these tumours were situated on the head: no tumours arose on the treated dorsal skin. It is odd that no such ectopic tumours arose in Group I mice which received similar treatment with DMBA as well as treatment with smoke phenols fraction. A similar result was obtained in this laboratory, in " S " strain mice: treatment with DMBA alone gave rise to many ectopic tumours, whereas DMBA followed by repeated applications of croton oil gave rise to very few (Roe, 1956 ).
Whatever the explanation of this curious phenomenon, the tumour-incidence in Group I is significantly higher than that in Groups II and III, and the results clearly indicate that under the experimental conditions described the phenolic fraction of cigarette smoke condensate has considerable tumour-promoting activity but no carcinogenic activity.
DISCUSSION
Recent reports (Engelbreth-Holm and Ahlmann, 1957; Orris et al., 1958; and Bock and Moore, 1959) have confirmed the findings of Wynder and his colleagues (Wynder, Graham, and Croninger, 1953; and see Wynder, 1959 , for review); and the view is becoming generally accepted that cigarette smoke condensate is carcinogenic for mouse skin when applied at short intervals for long periods. The results of Experiments I and II in which the whole smoke condensate and its neutral fraction were tested in this way were unsatisfactory because of poor survival of mice: a few benign tumours arose in both experiments after 35 weeks of continuous treatment, and 2 malignant tumours at a much later date in the neutral fraction experiment.
Much attention has been given to the identification of the carcinogenic components in tobacco smoke condensate. Kennaway and Lindsey (1958) Turning to the possible role of incomplete carcinogens in tumour production by cigarette smoke condensate, the fact that a substance is carcinogenic when applied alone may be taken to indicate that it has both tumour-initiating and tumour-promoting properties. However, amounts of carcinogenic hydrocarbons too small to give detectable carcinogenic effect, e.g. 1 /jg. 9-10-dimethyl-1, 2-benzanthracene (DMBA) (Klein, 1956) have demonstrable initiating action. Total doses of 3,4-benzpyrene of this order were undoubtedly applied in the course of the applications of smoke condensate by Wynder and others. Thus these amounts of condensate contained enough 3,4-benzpyrene for the initiation of the tumours which arose, though certainly not enough for their production without the aid of a tumour promoter. Furthermore, in addition to the small amounts of 3,4-benzpyrene and other complete carcinogens, there may also be present in cigarette smoke condensate incomplete caroinogens of the type of which urethane and triethylene melamine are examples (Salaman and Roe, 1953; Roe and Salaman, 1955) In the experiments reported here the total yield of phenol fraction from 1,000 cigarettes was 4.8 g. (see Appendix). Thus the substances studied by Commins and Lindsey (1956) account for less than one tenth of the phenol fraction used in Experiment III, and the composition of the remainiug nine tenths is still not known.
In view of the known tumour-promoting activity of phenol and related compounds, (Boutwell, Rusch and Bosch, 1955; Salaman and Glendenning, 1957; Boutwell and Bosch, 1959) Cooper et al. (1954) and Bentley and Burgan (1958) We may sum up the present position with respect to tests on mouse skin by saying that:
(1) the observed tumour producing action of cigarette smoke condensate is unlikely to be due to contained substances acting as complete carcinogens, (2) it can be explained as due to the combined action of tumour initiators and promoters, and, (3) since its effect can be increased by the addition of initiators but not of promoters, the relative weakness of the carcinogenic action of cigarette smoke condensate is due to the paucity of initiators.
There is at present no direct evidence for two-stage carcinogenesis in human bronchial epithelium. Assuming however that this mechanism operates here, as it has been shown to do in skin and some other tissues, present evidence suggests that smoking has stronger tumour-promoting than tumour-initiating effect.
Man, whether a smoker or not, is exposed to substances of proved tumourinitiating power in the polluted atmosphere, and in the products of some industrial processes and in some kinds of food. The correlation between smoking habits and lung tumour incidence may well be determined not primarily by the carcinogenic effect of tobacco smoke but by its predominantly tumour-promoting action on the bronchial epithelium.
SUMMARY
Strong tumour-promoting effect by a phenolic fraction of cigarette smoke condensate applied after a single tumour-initiating dose of 9,10-dimethyl-1,2-benzanthracene (DMBA) to the dorsal skin of" 101" strain mice was observed: sixty-five benign and 2 malignant tumours arose on 30 treated mice during 40 weeks of treatment. The same dose of DMBA alone produced a negligible number of tumours, and the phenolic fraction alone produced none.
"101 "Strain mice treated with whole smoke condensate only, or the neutral fraction of the condensate only, developed a few papillomas after 35 weeks.
However, the survival of the mice was poor, and very few were alive at the time when malignant tumours might have been expected: only two were seen.
One of the reasons for the poor survival was a renal disease, papillonephritis, previously recorded in strain A mice.
Reasons are given for believing that cigarette smoke is richer in tumourpromoting than in tumour-initiating substances. Phenolic compounds may be responsible for much of its promoting activity.
The implications of these findings, and their relevance to the induction of bronchial carcinoma in man, are briefly discussed.
We wish to express our gratitude to the Tobacco Manufacturers' Standing Committee for supplying us with tobacco smoke condensate and its fractions. We also wish to thank all the members of the technical staff of the department for their assistance. The expenses of the research were partly defrayed out of a block grant from the British Empire Cancer Campaign. Cigarettes, a mixture of brands popular in the United Kingdom, are smoked in batches of 1,000 using an automatic smoking machine of the type described by Iles and Sharman (1957) , arranged to give a puff frequency of 4 per minute, a puff volume of 15 ml., and a puff duration of 2 seconds. Cigarettes are smoked to a stub length of 20 mm. The smoke condensate is collected in traps immersed in a dry ice/acetone mixture, one trap being attached to each smoking position.
The type of cold trap used has been described by Burgan (1959) .
Whole smoke condensate
For the production of whole smoke condensate the material collected in the cold traps is washed out with acetone. The solvent is then removed on the waterbath and the whole smoke so obtained is stored in the dark in sealed ampoules at -25°C.
Phenolic and neutral fractions
For the separation of smoke condensate into its main fractions the material from 1,000 cigarettes, collected in the cold traps, is dissolved in a mixture (1: 3 v/v) of hydrochloric acid (2N) and ether (peroxide free), the ether used having been previously treated with sodium wire to remove fluorescent material. The aqueous acidic layer is separated and the ether layer washed further with portions of hydrochloric acid (2N, 4 x 100 ml.) to complete the removal of basic compounds.
The ether layer is then washed with portions of saturated sodium bicarbonate solution (1 x 200 ml., 4 X 100 ml.) to remove carboxylic acids, and with portions of 3 per cent potassium hydroxide solution (1 x 200 ml., 5 x 100 ml.) to remove any carboxylic acids remaining together with the phenols present. The residual ether layer containing the neutral fraction of smoke condensate is dried over anhydrous magnesium sulphate and the solvent removed on the water-bath. The neutral fraction obtained is stored in the dark in sealed ampoules at -25°C.
The phenols are recovered from the combined potassium hydroxide washings.
These are neutralized with hydrochloric acid (2N), excess sodium bicarbonate (solid) added, and the mixture saturated with sodium chloride and extracted with portions of ether (1 x 200 ml., 4 x 100 ml.). The combined ether washings, containing the phenols, are dried over anhydrous magnesium sulphate and the solvent removed on the water-bath. The phenols obtained are stored in the dark in sealed ampoules at -25°C. The average amounts of whole smoke, phenols, and neutral fraction obtained from 1,000 cigarettes, using the smoking conditions described above, are respectively 29.5 g., 4-8 g. and 16.6 g.
